INTRODUCTION {#s1}
============

Chromosomal deletions are a common feature of human solid cancers. Almost 50 years ago, Knudson demonstrated that deletions often represent one of the two "hits" required for biallelic inactivation of specific tumor suppressor genes residing inside the deleted region \[[@R1], [@R2]\]. Current genomics studies and functional screens have now revealed another role of deletions, which may be particularly effective in large chromosomal defects: Most large deletions are heterozygous and lack a recurrent gene-specific second hit, but highlight genomic loci enriched for so called "STOP" genes with tumor suppressive properties \[[@R3], [@R4]\]. This led to the hypothesis that compound \[[@R5]\] or cumulative \[[@R4]\] haplo-insufficiency, i.e. concurrent down-regulation of multiple genes by large heterozygous deletions, is an important driving force in deletion-rich cancers.

Prostate cancer is a prime example for a deletion-rich cancer lacking recurrent second hits. Using whole genome copy number analysis \[[@R6]-[@R8]\] and whole genome sequencing \[[@R9]-[@R11]\], others and us have identified recurrent deletion regions affecting up to 40% of these tumors, while somatic non-silent mutations typically occur only in less than 5% of prostate cancers. Virtually all deletion regions are characterized by a marked variability of the size of deleted chromosomal segment \[[@R6]-[@R8]\] and some studies have demonstrated a strong link between a cancer\`s deletion burden and adverse patient outcome \[[@R6], [@R12]\]. We hypothesize that the variable size of most deletions reflects a continuous process involving progressive loss of chromosomal material, which parallels increasing tumor aggressiveness.

To test this hypothesis, we made use of our unique resource of more than 7,000 annotated clinical prostate cancer samples and applied fluorescence in-situ hybridization (FISH) and functional analysis to detect growing deletions and consequences of multiple tumor suppressor gene inactivation at two hot spot deletion areas at chromosomes 6q and 16q.

RESULTS {#s2}
=======

Multiple tumor suppressor genes (TSG) are co-targeted by large deletions {#s2_1}
------------------------------------------------------------------------

In order to test whether multiple tumor relevant genes reside in the large 6q12-q22 deletion, we selected 37 genes that were expressed in DU145, PC-3 and BPH-1 and had a known function that was compatible with a TSG, and subjected them to shRNA-mediated depletion in PC-3, DU145, and BPH-1 cells ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). We found that down regulation of each of 4 genes, i.e., *SMAP1* (6q13), *ZNF292* (6q14), *HMGN3* (6q14), and *UBE2J1* (6q15) significantly increased cell growth over background in colony formation assays performed in duplicate (*P* ≤ 0.0139, Figure [1](#F1){ref-type="fig"} and [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}), thus supporting a tumor suppressive role for these four genes. *UBE2J1* encodes an E2 ubiquitin-conjugating enzyme that contributes to degradation of proteins targeted by E3 ubiquitin ligases \[[@R13]\]. The zinc-finger protein ZNF292 is a putative regulator of transcription according to the Gene Ontology (GO) database. Inactivation of SMAP1, a GTPase-activating protein specific for ADP-ribosylation factor 6 acting on membrane trafficking and actin remodeling has been suggested to contribute to development of microsatellite instability associated oncogenesis \[[@R14]\]. HMGN3 is a member of the high motility group of chromatin-binding proteins involved in DNA unwinding, repair, and transcription control \[[@R15]\].

![Results of the colony formation assay after shRNA-based depletion of UBE2J1, ZNF292, SMAP1, HMGN3, PM20D2 and ORC3 in BPH-1 cells\
Controls included shPTEN and shRB1 as positive control, as well as shNeg and shGFP for negative control.](oncotarget-08-108923-g001){#F1}

In contrast, depletion of 2 genes (*ORC3*, *PM20D2*) virtually completely abolished cell growth (Figure [1](#F1){ref-type="fig"}). *ORC3* encodes for subunit of the origin recognition complex, which is essential for the initiation of the DNA replication in eucaryotic cells \[[@R16]\]. PM20D2 is, by homology, a putative hydrolase, which may play a role in metabolic processes. Heterozygous deletion of essential genes has been postulated to render cancer cells vulnerable to further inhibition of these genes \[[@R17]\], and more than 50 genes have been identified suppression of which specifically inhibited the proliferation of cells harboring partial copy number loss of these genes \[[@R18]\]. Interestingly, such essential genes had been suggested as promising targets for anti-cancer therapies, and were thus termed CYCLOPS (copy number alterations yielding cancer liabilities owing to partial loss) genes \[[@R18]\]. Our data suggest that also *ORC3* and *PM20D2* may represent CYCLOPS genes that could potentially serve as future drug targets in prostate cancers harboring large 6q deletions.

At least four genes drive growth of cancer cells harboring large 6q deletions additively {#s2_2}
----------------------------------------------------------------------------------------

To assess whether the 4 newly identified putative 6q TSGs cooperatively affect cell growth, anchorage independent growth, or motility, we performed co-depletion experiments of these genes in DU145 cells (Figure [2](#F2){ref-type="fig"}). In order to mimic the haplo-insufficient state resulting from heterozygous deletion to the best possible extent, we selected experimental conditions that resulted in a knock-down efficacy of 50-70% relative to the control ([Supplementary Figure 3B](#SD1){ref-type="supplementary-material"}). In a colony formation assay, the colony size increased with the number of silenced genes (Figure [2E](#F2){ref-type="fig"}), although not all differences were statistical significant. That this effect was independent from specific combinations of co-depleted genes (Figure [2A-2D](#F2){ref-type="fig"}) demonstrates that each of the four genes contributed equally to the accumulative loss of growth control.

![Effect of co-depletion of candidate tumor suppressor genes in DU145 cells on **(A-E)** colony size in the colony formation assay, **(F-J)** colony size in the soft agar assay. Average colony size of all analysis are mapped in figure (E) for colony formation assay and in figure (J) for soft agar assay.](oncotarget-08-108923-g002){#F2}

Confirmatory results were obtained from the soft agar assay, where co-depletion of all four candidate TSGs resulted in the strongest increase in colony size (*P* ≤ 0.0146; Figure [2J](#F2){ref-type="fig"}). No impact of cell motility was found for any of the tested genes ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). In line with our findings, a recent study has shown that inactivating *SMAP1* mutations increased cell clonogenicity and cell proliferation by shortening the G2/M phase \[[@R14]\]. HMGN3 is a regulator of a plethora of genes, some of which are involved in glucose and fat metabolism, including the putative tumor suppressor gene *AZGP1*, inactivation of which has been linked to tumor progression, poor prognosis, and increased cell proliferation in prostate cancer before \[[@R19]\]. Taken together, these data suggest that simultaneous reduction of the activity of pivotal genes results in a critical loss of growth control in tumors carrying large 6q deletions. Of note, finding 4 tumor relevant genes among the 37 genes analyzed in our functional screen suggests that several additional genes with tumor suppressive features may be present among the remaining 140 genes that reside in the large deletion region and may induce additional synergistic effects on cells.

Increased deletion size is associated with aggressive tumor features {#s2_3}
--------------------------------------------------------------------

We next tested the hypothesis, that large deletions have more clinical impact than a more limited loss of chromosomal material. We analyzed a prostate cancer tissue microarray (TMA) containing one 0.6 mm tissue spot each from 7,433 different patients with 8 sets of FISH probes, including 5 probes located at 6q (6q12, 6q14, 6q15, 6q16, and 6q22) as well as 3 probes at 16q (16q21, 16q23, and 16q24), in order to determine the size of deletions at these loci. If all probes were analyzed separately, we found that all losses were heterozygous, most frequent at the typical regions of the minimal common deletion at 6q15 (19%) and 16q24 (28%) \[[@R6], [@R20]-[@R23]\], and that the deletion frequency declined with growing distance from these hotspots (i.e. 17% at 6q14 or 6q16, 8% at 6q22, and 3% at 6q12, as well as 21% at 16q23 and 10% at 16q21, Tables [1](#T1){ref-type="table"},[2](#T2){ref-type="table"}). These figures fit well to the published frequency and size distribution of these deletions ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}), thus demonstrating the validity of our FISH analysis and scoring. Comparing our deletion data with the pathological and clinical information attached to our TMA, we found that the presence of deletions was linked to adverse tumor features largely irrespective of the individual chromosomal locus that was analyzed. This was equally true for associations between deletions at 6q12, 6q14, 6q15, 6q16 or 6q22 and advanced tumor stage and high Gleason grade (all data and *P*-values summarized in Table [1](#T1){ref-type="table"}) as well as for deletions at 16q21, 16q23, or 16q24 and advanced tumor stage, high Gleason grade, presence of lymph node metastases, and presence of a positive surgical margin (summarized in Table [2](#T2){ref-type="table"}). To investigate whether the deletion size had clinical impact beyond the sole presence of deletions, we considered only the subsets of tumors with interpretable results for all FISH probes at 6q (n=3,725) and 16q (n=2,712), and categorized the tumors according to the deletion size. Among tumors with 6q deletions (573/3,725), there were 74 (12.9%) tumors with large (6q12-q22), 151 (26.4%) tumors with medium (6q14-q22) and 348 (60.7%) tumors with small deletions (6q14-q16). Amoung tumors with chromosome 16q deletion (763/2,712), we identified 251 (32.9%) tumors with large (16q21-q24), 254 (33.3%) with medium (16q23-q24), and 258 (33.8%) with small deletions (16q24). At 16q, increasing deletion size strongly paralleled an increase of the tumor stage (*P* \< 0.0001) and Gleason grade (*P* = 0.0019, Table [2](#T2){ref-type="table"}). No such associations were found for deletions at 6q (Table [1](#T1){ref-type="table"}). However, the deletion size at both loci had a strong impact on patient prognosis. Tumors showing large deletions at 6q or at 16q had the shortest relapse-free interval, while tumors with small deletions limited to 6q14-q16 or 16q24 had the longest. An intermediate outcome was found for patients with medium-sized deletions at 6q14-q22 or 16q23-q24 (each *P* \< 0.0001) (Figure [3A, 3B](#F3){ref-type="fig"}). The comparatively good prognosis of cancers with small 6q15 deletions observed in our study is also in line with our observation in the initial functional screen that an unequivocal tumor suppressive role could not be seen for any of the five genes (*MDN1*, *CASP8AP2*, *GJA10*, *BACH2*, *MAP3K7*) that had earlier been located to the deletion epicenter at 6q15 in prostate cancer before \[[@R6], [@R23]-[@R26]\]. A comparable observation to our data has recently been made in chronic lymphatic leukemia, a hematologic cancer that is frequently characterized by focal heterozygous deletion of the *DLEU2* (deleted in lymphocytic leukemia 2) gene locus at 13q14. Dal Bo et al. reported that tumors with larger deletions involving also the *RB1* gene located 1.8 megabases centromeric from *DLEU2* had a worse prognosis than those with small *DLEU2* deletions \[[@R27]\]. Together with our data, these findings strongly support the hypothesis that large deletions are a key mechanism for compound haplo-insufficiency \[[@R5]\] with loss of tumor suppressive capabilities in prostate cancer.

###### Associations of 6q deletions at different loci and of the deletion size with clinico-pathological parameters of prostate cancer

                                                   All cancers   Tumor stage   Gleason grade   Lymph node metastasis   Surgical margin                                             
  --------------------------- -------------------- ------------- ------------- --------------- ----------------------- ----------------- ------ ------ ------ ------ ------ ------ -----
  **6q12**                    **analyzable (n)**   3493          2182          831             464                     975               1818   520    157    1921   170    2724   715
  **deletion (%)**            3.1                  2.9           2.8           4.5             1.8                     3.0               5.0    4.5    3.2    4.7    3.0    3.5    
  **P-value**                                      0.1822        0.0070        0.3297          0.4782                                                                              
  **6q14**                    **analyzable (n)**   3514          2177          856             467                     989               1812   535    158    1946   178    2736   722
  **deletion (%)**            17.7                 16.3          18.3          22.9            10.5                    17.3              28.8   27.2   19.7   18.5   17.4   18.1   
  **P-value**                                      0.0031        \<0.0001      0.7115          0.6568                                                                              
  **6q15**                    **analyzable (n)**   3987          2514          948             506                     1151              2052   586    172    2238   181    3103   818
  **deletion (%)**            18.8                 17.1          20.4          24.5            10.9                    18.7              31.2   30.2   20.7   24.9   18.6   18.9   
  **P-value**                                      0.0003        \<0.0001      0.1933          0.8012                                                                              
  **6q16**                    **analyzable (n)**   3514          2177          856             467                     989               1812   535    158    1946   178    2736   722
  **deletion (%)**            17.2                 15.7          18.1          22.1            10.3                    16.7              28.0   25.9   19.0   18.0   17.1   16.5   
  **P-value**                                      0.0037        \<0.0001      0.7466          0.6907                                                                              
  **6q22**                    **analyzable (n)**   3493          2182          831             464                     975               1818   520    157    1921   170    2724   715
  **deletion (%)**            8.5                  7.2           10.0          11.9            5.1                     8.6               12.9   12.7   9.3    11.8   8.1    9.4    
  **P-value**                                      0.0013        \<0.0001      0.3008          0.3009                                                                              
  **Deletion size**           **analyzable (n)**   573           321           151             98                      90                291    143    42     347    35     442    120
  **small (6q14-q16) (%)**    60.7                 63.6          58.9          56.1            61.1                    61.5              60.8   59.5   62.0   60.0   61.5   60.0   
  **medium (6q14-q22) (%)**   26.4                 24.0          30.5          27.6            25.6                    27.1              25.2   26.2   25.9   28.6   26.2   25.8   
  **large (6q12-q22) (%)**    12.9                 12.5          10.6          16.3            13.3                    11.3              14.0   14.3   12.1   11.4   12.2   14.2   
  **P-value**                                      0.4041        0.9887        0.9445          0.8526                                                                              

###### Associations of 16q deletions at different loci and of the deletion size with clinico-pathological parameters of prostate cancer

                                                    All cancers   Tumor stage   Gleason grade   Lymph node metastasis   Surgical margin                                             
  ---------------------------- -------------------- ------------- ------------- --------------- ----------------------- ----------------- ------ ------ ------ ------ ------ ------ -----
  **16q21**                    **analyzable (n)**   2848          1728          737             372                     730               1526   462    114    1604   144    2194   598
  **deletion (%)**             10.1                 8.0           12.9          13.4            4.9                     9.0               18.2   21.1   9.9    18.8   9.5    11.7   
  **P-value**                                       \<0.0001      \<0.0001      \<0.0001        0.1134                                                                              
  **16q23**                    **analyzable (n)**   3831          2366          956             489                     1051              2008   597    148    2092   188    2960   806
  **deletion (%)**             21.2                 17.3          24.1          33.9            13.4                    20.4              33.2   35.1   21.6   36.7   19.8   25.6   
  **P-value**                                       \<0.0001      \<0.0001      \<0.0001        0.0004                                                                              
  **16q24**                    **analyzable (n)**   2846          1727          737             371                     730               1526   460    114    1603   144    2194   596
  **deletion (%)**             27.9                 23.5          32.8          37.7            17.9                    27.5              40.7   41.2   28.1   40.3   26.5   31.5   
  **P-value**                                       \<0.0001      \<0.0001      0.0270          0.0152                                                                              
  **Deletion size**            **analyzable (n)**   763           391           234             132                     124               404    181    45     433    57     557    181
  **small (16q24) (%)**        33.8                 40.4          28.2          25.8            49.2                    35.9              23.8   20.0   33.3   19.3   35.4   30.4   
  **medium (16q23-q24) (%)**   33.3                 28.6          35.9          42.4            28.2                    33.4              36.5   33.3   34.6   38.6   32.1   36.5   
  **large (16q21-q24) (%)**    32.9                 30.9          35.9          31.8            22.6                    30.7              39.8   46.7   32.1   42.1   32.5   33.1   
  **P-value**                                       \<0.0001      0.0019        0.0752          0.4083                                                                              

![Prognostic relevance of **(A)** the 6q deletion size, **(B)** the 16q deletion size, and **(C)** the combined 6q and 16q deletion size. **(D)** Association between the size of 6q and 16q deletions. 6q deletion size: small=6q14-16 or 6q15, 10 mega bases (Mb); medium=6q14-22, 40 Mb; large=6q12-22, 55 Mb. 16q deletion size: small=6q24, 3 Mb; medium=6q23-24, 12 Mb, large=6q21-24, 30 Mb.](oncotarget-08-108923-g003){#F3}

Large co-deletions are linked to a particularly poor patient prognosis {#s2_4}
----------------------------------------------------------------------

We next tested whether the amount of loss of genomic material from multiple different chromosomes and associated "cross-chromosomal compound haplo-insufficiency" might cause increased malignancy (Figure [3D](#F3){ref-type="fig"}). Employing an "*in silico*" approach, our clinical follow-up data were compared to the accumulated deletion size at both chromosomes. For this purpose, we estimated the deletion size in each individual tumor at 6q and at 16q based on the distance in mega base (Mb) pairs between the FISH probes indicating deletion, and summarized the total deletion length at 6q and 16q in each tumor. Comparison with clinical data revealed a strong relationship between the cumulative deletion size and shortened prostate specific antigen (PSA) recurrence-free interval. Tumors with a combined 6q and 16q deletion size of more than 40 Mb had the worst prognosis, while tumors with a deletion size between 1-20 Mb had the best prognosis (*P* \< 0.0001, Figure [3C](#F3){ref-type="fig"}). A multivariate analysis demonstrated that the prognostic value of the deletion size was independent from the established prognostic markers Gleason grade, tumor stage, nodal stage, resection margin status, and preoperative PSA level ([Supplementary Table 2](#SD1){ref-type="supplementary-material"}). These findings support a model in which cancer aggressiveness is connected to the total amount of deleted chromosomal material and, therefore, to the number of genes affected by these deletions. Similar results have been obtained by Hieronymus et al. who demonstrated that the overall number of copy number alterations in a prostate cancer genome is linked to patient outcome \[[@R12]\]. Given that the likelihood for synergistic hits increases with the number of deleted genes, we sought for possible interactions between genes at 6q and 16q, and performed a gene enrichment analysis including our 6q candidate TSG as well as 16q candidate genes obtained from the literature, such as *MAF* \[[@R28]\], *ATBF1* \[[@R29]\], *FOXF1* \[[@R28]\], *MVD* \[[@R28]\], *WFDC1* \[[@R28], [@R30]\], *WWOX* \[[@R28], [@R31]\], *CDH1* \[[@R32]\], and *CRISPLD2* \[[@R33]\]. We found 4 genes (*CRISPLD2* at 16q24.1, *CDH13* at 16q23.3, and *MAF* at 16q22, as well as *HMGN3* at 6q14.1), which are part of a set of genes up regulated in the urogenital sinus (the embryonal origin for the developing prostate) in mice exposed to the androgen dihydrotestosterone \[[@R34]\]. During embryogenesis, prostate epithelial cells develop from the urogenital sinus by proliferation and invasion of the surrounding urogenital sinus mesenchyme. It is, thus, tempting to speculate that one possible functional consequence of large co-deletions of 6q and 16q is targeting of androgen-responsive cellular pathways connected to maintenance of normal prostate cell differentiation.

Large deletions develop through progressive loss of chromosomal material {#s2_5}
------------------------------------------------------------------------

To investigate whether tumors with large and small deletions arise de-novo, or if large deletions develop from progressive loss of adjacent chromosomal material in tumors initially carrying small deletions, we expanded our 6q and 16q FISH analyses to a heterogeneity TMA containing 10 samples taken as distant as possible from each other from each of 317 prostate cancers. 6q and 16q deletion analysis led to informative data in 208 and 182 patients in which at least three cancer containing tissue spots were analyzable for all FISH probes, including 5 probes located at 6q (6q12, 6q14, 6q15, 6q16, and 6q22) as well as 3 probes at 16q (16q21, 16q23, and 16q24). For deletion development analysis, we selected 51 cancers each that had deletions at 6q or 16q in at least three cancer spots.

Deletions of constant size across all deleted cancer spots were found in 21 (41.2%) of 51 cases for 6q and 22 (43.1%) of 51 cases for 16q. That 11 (6q) and 15 (16q) of these tumors had exclusively large deletions (i.e., 6q14-q22 or larger, 16q23-q24 or larger) suggests that large deletions either can develop de novo or that potential tumor areas with smaller progenitor deletions have been missed.

Deletions of variable size were found in 30 (58.8%) and 29 (56.9%) cases for 6q and 16q (Figure [4](#F4){ref-type="fig"}). Remarkable, the 6q deletion patterns revealed that virtually all (29 of 30) deletions originated from 6q15. In contrast, analysis of 16q identified two regions of origin, i.e., 16q23 in 17 cases and 16q24 in 7 cases. Taken together, our data demonstrates that about 50-60% of 6q and 16q deletions develop as small losses and then increase in size by subsequent loss of adjacent chromosomal material. The molecular mechanisms driving 6q and 16q deletion lengthening remain to be elucidated. It could be speculated that the same mechanisms driving breakage and fusion of the *TMPRSS2:ERG* loci, i.e., chromatin movements induced by androgen receptor (AR) signaling that predispose specific chromosomal loci to double strand breakage and translocation \[[@R35]\], could also account for breakage and interstitial deletion. Changes in the chromosome structure induced by small deletion might include rapprochement of normally remote AR binding sites that could potentially predispose for additional AR-driven breakage with loss of genetic material.

![Schematic plot of the 6q and 16q deletion size heterogeneity determined by FISH analysis in the tumors of 30 and 29 patients\
**(A)** Chromosome ideograms display the 6q12-q22 region. Gray bars represent the size of the 6q deletion found in each of up to 10 different tissue spots that were analyzed per tumor. Spots without deletion are not shown. Shaded patient numbers indicate cases with 6q deletion in all analyzable tissue spots. **(B)** Chromosome ideograms display the 16q21-q24 region. Gray bars represent the size of the 16q deletion found in each of up to 10 different tissue spots that were analyzed per tumor. Spots without deletion are not shown. Shaded patient numbers indicate cases with 16q deletion in all analyzable tissue spots.](oncotarget-08-108923-g004){#F4}

DISCUSSION {#s3}
==========

In this study, we demonstrate that the size of heterozygous deletions in human prostate cancer greatly correlates with tumor progression and aggressiveness. That we made this observation in two of the most frequently deleted loci, i.e., 6q and 16q, and that the vast majority of deletions in prostate cancer typically affect large chromosomal segments \[[@R6]-[@R8], [@R22]\], suggests that extensive loss of chromosomal material by progressive "deletion lengthening" is a key mechanism for simultaneous dosage reduction of multiple genes. Co-depletion of arbitrarily selected candidate tumor suppressor genes located inside the large 6q12-q22 deletion region identified 4 genes, including *UBE2J1*, *ZNF292*, *SMAP1*, and *HMGN3* as a prime example for assumedly many more genes that jointly drive tumor growth when their activity is reduced by large heterozygous deletions. In line with our findings, cooperative effects have also been reported from mouse orthologs of human 8p11-p23 genes in a mouse model of HCC \[[@R36]\]. Of note, large 8p deletion, often involving the entire chromosome arm, is one of the most frequent alterations in many solid tumor types including prostate cancer \[[@R6]-[@R8], [@R37]\]. Moreover, using an "in silico" approach to integrate clinical and molecular data obtained from our large tumor set before, we demonstrate that such cooperative effects are not limited to genes located inside the same deletion, but are also effective in co-deletions located at different chromosomes. Mechanistically, our observations support a model of increasing likelihood for cooperative tumor promoting effects with increasing deletion size, but strongly argue against the concept that one particular tumor suppressor gene drives the development of large deletions. Thus, our findings explain why the "classical" approach of tumor suppressor gene identification in chromosomal regions of deletion, i.e. searching for a gene with a "2^nd^ hit" inside the minimal commonly deletion region, has not been successful in prostate cancer \[[@R10]\].

Our study also highlights novel starting points for diagnostic and therapeutic approaches specifically connected to the presence of large deletions. We found that both the deletion size as well as the number of deletions per tumor had a strong predictive value independently from the classical prognostic factors including tumor stage, Gleason grade, and nodal stage. While determination of the accumulated deletion lengths per cancer requires whole genome analysis assays that are expensive and time consuming, FISH analysis for multiple defined loci can be comparatively easy performed on routine diagnostic tissue samples including also preoperative punch biopsies. A therapeutic approach might arise from the detection of essential genes, e.g., *ORC3* and *PM20D2*, in the large 6q deletion region. Obviously, presence of essential genes provides an explanation for the exclusively heterozygous nature of large deletions, since these genes must not be completely inactivated (for example, by homozygous deletion) in order to allow tumor cells to survive. Given that such essential genes inside region of heterozygous deletion have been postulated to render cancer cells vulnerable to further inhibition of these genes \[[@R17]\], the association of large deletions with advanced and aggressive cancers observed in our study justifies further research on deletion-based therapeutic strategies against prostate cancer in men.

MATERIALS AND METHODS {#s4}
=====================

Patients and tissue microarrays {#s4_1}
-------------------------------

Two TMAs, including a prostate cancer prognosis TMA, and a prostate cancer heterogeneity TMA were used in this study. The prostate cancer prognosis TMA was expanded from a previous version containing one tumor sample of 3,261 radical prostatectomy specimens \[[@R38]\] by adding additional 4,634 cancers. Clinical follow-up data were available for 6,870 of the 7,895 arrayed tumors. Median follow-up was 36.8 months ranging from 1 to 228.7 months. In all patients, PSA values were measured quarterly in the first year, followed by biannual measurements in the second and annual measurements after the third year following surgery. Time to recurrence was defined as the time interval between surgery and first occurrence of a postoperative PSA of ≥0.2 ng/ml and rising thereafter. Patients without evidence of tumor recurrence were censored at the time of the last follow-up. The clinical-pathological features of the arrayed prostate cancers are given in [Supplementary Table 3](#SD1){ref-type="supplementary-material"}. Deletion status data of 6q15 (*MAP3K7)* (expanded from \[[@R23]\]) and 16q23 (WWOX) \[[@R39]\] were available from previous studies.

The prostate cancer heterogeneity TMA includes 3,170 prostate cancer spots from 317 radical prostatectomy specimens with unifocal prostate cancers according to Wise et al. \[[@R40]\]. The cancers had an average diameter of 68.0 mm (maximum 135 mm). From each of the 317 cancers, 10 different tumor containing tissue blocks were selected for TMA manufacturing. From each of the 10 blocks, one 0.6 mm tumor tissue core was taken, and the 10 tissue cores representing one individual tumor were placed side by side in the TMA block. This resulted in 7 different TMA blocks, each containing 10 tissue cores from 17 to 50 individual tumors. The clinical-pathological features of the arrayed prostate cancers are given in [Supplementary Table 4](#SD1){ref-type="supplementary-material"}.

Analysis of patient and corresponding histopathological data for research purposes, as well as construction of tissue microarrays from archived diagnostic left-over tissues, was approved by local laws (HmbKHG, §12,1) and by the local ethics committee (Ethics commission Hamburg, WF-049/09 and PV3652). All work was carried out in compliance with the Helsinki Declaration. Additional information is provided in the [Supplementary Materials](#SD1){ref-type="supplementary-material"} and Methods.

Fluorescence *in-situ* hybridization {#s4_2}
------------------------------------

For 6q deletion size determination, three different FISH probe sets were prepared that were analyzed in three adjacent TMA slides. The first consisted of a spectrum green labeled 6q15 *(MAP3K7)* deletion probe (made from BACs RP3-470J8 and RP11-501P02 Source Bioscience, UK) and a spectrum orange labeled commercial centromere 6 probe (\#6J36-06; Abbott, Wiesbaden, Germany) as a reference. The second probe set included a spectrum green labeled 6q16 deletion probe (made from BACs RP11-624G20 and RP11-392E05 Source Bioscience, UK), a spectrum orange labeled 6q14 deletion probe (made from BACs RP11-72C17 and RP11-475H7) and a spectrum aqua labeled commercial centromere 6 probe (\#6J54-06; Abbott, Wiesbaden, Germany) as a reference. The third probe set was made from a spectrum green labeled 6q22 deletion probe (made from BACs RP11-746B17 and RP11-769C19), a spectrum orange labeled 6q12 deletion probe (made from BACs RP11-473K10 and RP11-707M13) and a spectrum aqua labeled commercial centromere 6 probe (\#6J54-06; Abbott, Wiesbaden, Germany) as a reference. The chromosomal localization of these probe sets is shown in [Supplementary Figure 4A, 4B](#SD1){ref-type="supplementary-material"}.

For 16q deletion size determination, two different FISH probe sets were prepared that were analyzed in two adjacent TMA slides. The first consisted of a spectrum green labeled 16q23 *(WWOX)* deletion probe (made from BACs RP11-190D6 and RP11-345K17) and a spectrum orange labeled commercial centromere 6 probe (\#6J36-06; Abbott, Wiesbaden, Germany) as a reference. The second included a spectrum green labeled 16q24 deletion probe (made from BACs RP11-788A09 and RP11-737-K02), a spectrum orange labeled 16q21 deletion probe (made from BACs RP11-575-H07 and RP11-631-D06) and a spectrum aqua labeled commercial centromere 6 probe (\#6J54-06; Abbott, Wiesbaden, Germany) as a reference. The chromosomal localization of these probe sets is shown in [Supplementary Figure 4D, 4E](#SD1){ref-type="supplementary-material"}.

For scoring of FISH, the predominant signal counts of each individual FISH probe were recorded per tissue spot. Heterozygous deletion was defined as presence of fewer locus specific signals than centromere 6 probe signals in \>60% of tumor nuclei. Homozygous deletion was assumed if only the centromere signals but no locus specific FISH signals were present in the tumor cells, and if locus specific FISH signals were also visible in adjacent normal cells (tissue spots lacking normal cells were excluded from diagnosis of homozygous deletions). Tumors with complete lack of fluorescence signals in all nuclei (tumor and normal) were regarded as non-interpretable. In addition, tissue samples were excluded if a carefully morphological and immunohistochemical analysis (basal cell marker 34ßE12; AMACR) suggested absence of clear-cut tumor cells in adjacent tissue microarray sections. Representative FISH images of cancers with and without 6q or 16q deletion are shown in [Supplementary Figure 4C, 4F](#SD1){ref-type="supplementary-material"}. Additional information is provided in the material and method supplementary.

Determination of the deletion size {#s4_3}
----------------------------------

Tumors were grouped according to the number of adjacent deleted loci at 6q and 16q according to the following criteria: At 6q, small deletions were assumed if the deletion was limited to 6q15 or 6q14-q16, medium sized deletions were assumed if the deletion was limited to 6q14-q22 (including 6q14-q16), and large deletions were assumed if the deletion was present in all analyzed loci (6q14, 6q15, 6q16, 6q21, 6q22). At 16q, small deletions were assumed if the deletion was limited to 16q24, medium sized deletions were assumed if the deletion was limited to 16q23-q24, and large deletions were assumed if the deletion was present in all analyzed loci (16q21, 16q23, 16q24).

Cell culture, constructs and lentivirus production {#s4_4}
--------------------------------------------------

For depletion experiments, five shRNA constructs per gene were tested and the shRNA construct with the highest depletion efficiency was used in this study. shRNA vectors were obtained from Sigma Aldrich (St. Louis, USA), and included lentiviral pLKO.1, as well as constructs from the RNAi Consortium (TRC) vector collection. Overall, 37 potential tumor suppressor genes located between 6q12-22 were depleted in DU145, PC-3 and BPH-1 prostate cell lines (complete list in [Supplementary Table 5](#SD1){ref-type="supplementary-material"}). Prostate cancer cells were transduced with lentiviruses containing shRNAs directed against Neg and *GFP* (both as a negative control), *PTEN* (not PC-3), *mTOR* (only PC-3) and *RB1* (each as a positive control) and all examined genes. For co-depletion, DU145 cells were transduced with lentiviruses containing 2-4 shRNAs directed against the potential tumor suppressor genes *UBE2J1, ZNF292, SMAP1* and/or *HMGN3* and the negative controls Neg and *GFP* ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). Transduced target cells were selected with puromycin (1.5 μg/ml). Additional information is provided in the material and method supplementary.

Western blot analysis and Taqman PCR {#s4_5}
------------------------------------

Verification of shRNA mediated gene knockdown was perfomed by western blot and Taqman PCR analyses (see material and method supplementary, [Supplementary Figure 5](#SD1){ref-type="supplementary-material"} and [Supplementary Table 6](#SD1){ref-type="supplementary-material"}).

Colony formation assay {#s4_6}
----------------------

For single knockdown experiments BPH-1, DU145 and PC-3 prostate cells were plated at about 2x10^5^ in 6 well plates. For tumor suppressor gene screening, all randomized selected genes and controls (negative and positive as described above) were analyzed in duplicate. Interesting genes were validated in an additional quadruplicate analysis. Cells were transfected with 4 μg of indicated shRNA construct using Lipofectamine 2000 (Life Technologies, NY, USA) for 36 hours, and cultured in medium containing puromycin (1.5 μg/ml) for at least 2 weeks. The selection medium was renewed every 2-3 days. When drug-resistant colonies became visible they were fixed with methanol and stained with Giemsa and the number of colonies with a diameter ≥1 mm was determined in knockdown versus control cell lines. For multiple knockdown experiments, stable co-transduced DU145 cells were plated at about 1x10^3^ in 6 well plates. Because these stable transduced cells had a high vitality and tended to grow rapidly we decided to measure colony size after one week instead of colony number to quantify tumor cell aggressiveness.

Soft agar assay {#s4_7}
---------------

A layer of 0.6% low-melting agarose in standard culture medium was prepared in 6 well plates. On top, a layer of 0.3% agarose containing 1x10^4^ transduced DU145 cells was plated. Transduced cells were depleted for *UBE2J1*, *ZNF292*, *SMAP1*, and *HMGN3*, or combinations of these genes, as well as shNeg and shGFP as negative controls. At day 14, colony size was measured and the average diameter of the colonies was determined.

Invasion assay {#s4_8}
--------------

1x10^5^ transduced DU145 cells were re-suspended in 0.5ml of pure RPMI-1640 medium and dispersed in Matrigel Invasion Chambers and Control Inserts (BD BioCoat™, Bedford, USA) placed in 24 well plates. The lower wells contained 0.5ml RPMI-1640 medium supplemented with 10% FCS. Transduced cells were single or co-depleted for *UBE2J1*, *ZNF292*, *SMAP1*, and *HMGN3*, or contained shNeg and shGFP as a negative control. After 24 hours, cells on the surface of the membrane were removed with a cotton swab, fixed with methanol and stained with Giemsa. Cells were counted and the invasion rate (=cell number Invasion chamber/ cell number Contol Insert) and invasion index (=invasion rate probe/invasion rate negative control) was determined.

Gene set enrichment analysis {#s4_9}
----------------------------

The online gene set enrichment analysis (GSEA) software of the Broad Institute (<http://www.broadinstitute.org/gsea/msigdb/index.jsp>) was queried to search for gene sets that are enriched for expression changes of the candidate tumor suppressor genes identified at 6q and the 16q candidate tumor suppressor genes obtained from the literature.

Statistic {#s4_10}
---------

For statistical analysis, the JMP 9.0 software (SAS Institute Inc., NC, USA) was used. Contingency tables were calculated to study association between 6q and 16q deletion size and clinico-pathological variable, and the Chi-square (Likelihood) test was used to find significant relationships. Kaplan Meier curves were generated for PSA recurrence free survival. The log-Rank test was applied to test the significance of differences between stratified survival functions. Cox proportional hazards regression analysis was performed to test the statistical independence and significance between pathological, molecular, and clinical variables. A p-value of ≤ 0.05 was determined as statistical significant.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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AR

:   androgen receptor

CYCLOPS

:   copy number alterations yielding cancer liabilities owing to partial loss

FISH

:   fluorescence in-situ hybridization

Mb

:   mega base

PSA

:   prostate specific antigen

TMA

:   tissue microarray

TSG

:   tumor suppressor gene
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